DNA double-strand breaks (DSBs) are highly cytotoxic lesions that are generated by ionizing radiation and various DNA-damaging chemicals. Following DSB formation, cells activate the DNA-damage response (DDR) protein kinases ATM, ATR and DNA-PK (also known as PRKDC). These then trigger histone H2AX (also known as H2AFX) phosphorylation and the accumulation of proteins such as MDC1, 53BP1 (also known as TP53BP1), BRCA1, CtIP (also known as RBBP8), RNF8 and RNF168/RIDDLIN into ionizing radiation-induced foci (IRIF) that amplify DSB signalling and promote DSB repair 1, 2 . Attachment of small ubiquitin-related modifier (SUMO) to target proteins controls diverse cellular functions [3] [4] [5] [6] . Here, we show that SUMO1, SUMO2 and SUMO3 accumulate at DSB sites in mammalian cells, with SUMO1 and SUMO2/3 accrual requiring the E3 ligase enzymes PIAS4 and PIAS1. We also establish that PIAS1 and PIAS4 are recruited to damage sites via mechanisms requiring their SAP domains, and are needed for the productive association of 53BP1, BRCA1 and RNF168 with such regions. Furthermore, we show that PIAS1 and PIAS4 promote DSB repair and confer ionizing radiation resistance. Finally, we establish that PIAS1 and PIAS4 are required for effective ubiquitin-adduct formation mediated by RNF8, RNF168 and BRCA1 at sites of DNA damage [7] [8] [9] [10] [11] . These findings thus identify PIAS1 and PIAS4 as components of the DDR and reveal how protein recruitment to DSB sites is controlled by coordinated SUMOylation and ubiquitylation.
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Mammalian cells express SUMO1 and the highly-related proteins SUMO2 and SUMO3 (SUMO2/3). These somewhat functionallyredundant proteins 12 are structurally related to ubiquitin and are covalently attached to target proteins by a SUMO-conjugation system consisting of an E1 activating enzyme (SAE1/SAE2), an E2 ligase (UBC9, also known as UBE2I) and various E3 ligases with differing target-protein specificities 3, 4 . Involvement of the SUMO pathway in aspects of the DDR was previously reported (for review, see ref. 5) . Notably, we found that, whereas SUMO1 exhibited pan-nuclear staining in untreated human cells, four hours after ionizing radiation treatment, it formed nuclear foci that largely co-localized with 53BP1, suggesting them to be IRIF (Fig. 1a) . Similarly, transfected haemagglutinin (HA)-epitope-tagged SUMO1 and SUMO3 formed IRIF ( Fig. 1a ; SUMO2/3 foci that do not co-localize with 53BP1 presumably reflect SUMO conjugates in other structures, including PML bodies). Next, we employed laser micro-irradiation to induce DNA-damage tracts (laser-lines) in living cells 13, 14 . This showed that endogenous SUMO1 and SUMO2/3 (the antibody does not discriminate between these), together with HA-SUMO1 and HA-SUMO3, accumulated in laser-lines (Fig. 1b) . Moreover, live imaging of cells containing greenfluorescent-protein (GFP)-tagged 53BP1 or red-fluorescent-protein (RFP)-tagged SUMO1, SUMO2 or SUMO3 showed that all exhibited similar recruitment kinetics: accrual being detectable five minutes after micro-irradiation, peaking in intensity at two to four hours 1 The Wellcome Trust and Cancer Research UK Gurdon Institute, and Department of Biochemistry, University of Cambridge, Tennis Court Road, Cambridge CB2 1QN, UK. Figs 1a-c, 2a and b) . Furthermore, we observed SUMO1 and SUMO2/3 accumulation with varying intensities in both G 1 and S/G 2 cells (Supplementary Fig. 2c Fig. 3a) , whereas accumulation of SUMO1, and to a lesser extent SUMO2/3, was enhanced by depletion of CtIP or MMS21 (also known as NSMCE2), which promote DNA repair 17, 18 (Figs 1d, e and Supplementary Figs 4a, b; see Fig. 3e for CtIP depletion and Supplementary Fig. 10 for other depletions) . Furthermore, we observed markedly reduced SUMO1 and SUMO2/3 accumulation at damaged sites in cells that were defective in RNF168 or had been treated with short-interfering RNAs (siRNAs) to deplete MDC1 or RNF8 (Figs 1d and 1e, and Supplementary Figs 3b and 3c ). Because MDC1, RNF8 and RNF168 control the retention of 53BP1 and BRCA1 at DNAdamage sites [7] [8] [9] 11, [19] [20] [21] [22] [23] , we tested whether depleting these factors affected SUMO accrual. Indeed, 53BP1 depletion impaired SUMO1 but not SUMO2/3 accumulation in laser-lines (Figs 1d and 1e) . Conversely, BRCA1 depletion abolished SUMO2/3 but not SUMO1 accrual (Figs 1d and 1e) . Collectively, these data suggested that DNA damage is channelled into 53BP1-SUMO1 or BRCA1-SUMO2/3 pathways.
The different accumulation requirements for SUMO1 and SUMO2/3 suggested that their conjugation might require different E3 ligases. By siRNA depletion of various SUMO E3 ligases (Supplementary Fig. 10 ), we found that most were not required for SUMO1 or SUMO2/3 accrual at DNA damage sites ( Supplementary  Figs 4a and 4b) . Strikingly, however, depletion of the PIAS4 E3 ligase markedly reduced SUMO1 accrual on laser-lines (Figs 2a and 2b; note that MDC1 recruitment still occurred). Nevertheless, in certain cells, PIAS4 depletion also impaired SUMO2/3 (and 53BP1) accumulation (Fig. 2b , bottom panels), indicating that PIAS4 controls both SUMO1 and SUMO2/3 accrual. Accordingly, PIAS4 depletion impaired the accumulation of GFP-SUMO3 at laser-lines (data not shown). In parallel, we found that PIAS1 depletion markedly reduced SUMO2/3 accumulation at sites of DNA damage in all cells, but did not affect SUMO1 accrual (Figs 2a, 2b and Supplementary Figs 4a and 4b). Supporting a model in which PIAS4 and PIAS1 mediate SUMO conjugation at DSB sites, RFP-tagged PIAS4 and GFP-tagged PIAS1 were recruited to laser-lines with similar kinetics to SUMO and UBC9 (Fig. 2c and 2d) . Furthermore, for both PIAS4 and PIAS1, recruitment required their N-terminal SAP domain-originally defined as a DNA/ RNA binding motif 24 -but was not impaired by mutations predicted to abolish their SUMO E3-ligase functions (Fig. 2d) . When expressed alone, however, the SAP domains of PIAS1 and PIAS4 were not detectably recruited to laser-lines, revealing that additional parts of these proteins are required for effective recruitment (data not shown).
Strikingly, PIAS4 depletion by either of two independent siRNA oligonucleotides, but not depletion of any other E3 enzyme tested, severely impaired 53BP1 accumulation in laser-lines and in IRIF (Figs 2a, b and Supplementary Figs 4a-d ; demonstration of siRNA specificity is provided by use of a point-mutated siRNA-resistant PIAS4 construct in Supplementary Figs 5a and b) . In accord with this, UBC9 depletion impaired 53BP1 accumulation, while histone H2AX phosphorylation (c-H2AX) and MDC1 recruitment still ensued (Fig. 2a) . Furthermore, fluorescence-recovery after photo-bleaching (FRAP) assays established that PIAS4 depletion significantly reduced the residence time of 53BP1 in laser-lines and increased the mobile fraction of 53BP1 molecules in these locations ( Fig. 2e ; representative images are shown in Supplementary Fig. 5d ). By contrast, RFP-PIAS4 accrual in laser lines was not impaired by 53BP1 depletion (Supplementary Fig. 5c ), implying that PIAS4 acts upstream of 53BP1.
During the above studies, we noted that the ionizing radiationinduced shift in 53BP1 electrophoretic mobility on SDS-polyacrylamide gels was reduced by PIAS4 depletion (data not shown). Consistent with this mobility shift at least in part reflecting 53BP1 SUMOylation, the migration of endogenously expressed 53BP1 on SDS-PAGE was shifted yet further in cells expressing GFP-tagged SUMO1 (Fig. 2f) ; furthermore, this shift was diminished by PIAS4 depletion but not by PIAS1 depletion (Fig. 2g) . To test directly for 53BP1 SUMOylation, we transiently co-expressed HA-tagged 53BP1 with GFP-SUMO1 or GFP in cells, then performed GFP immunoprecipitations. Western immunoblotting of resulting samples with an anti-HA antibody established that 53BP1 was indeed SUMOylated in an ionizing radiation-inducible manner (Fig. 2h ), a conclusion supported by reciprocal immunoprecipitation-western experiments ( Supplementary  Fig. 6a ) and by experiments with endogenous 53BP1 and SUMO1 (Supplementary Fig. 6b ; this also showed that 53BP1 SUMOylation was reduced by depleting PIAS4 but not PIAS1). Studies with cells expressing 53BP1 truncations revealed that both the amino terminal (residues 1-1052) and carboxy terminal (1052-1972) regions of 53BP1 can be SUMOylated and suggested that C-terminal SUMOylation occurs between residues 1052 and 1710 (Supplementary Figs 6c-e) . While these data indicated that DNA-damage-induced 53BP1 SUMOylation occurs, we note that this cannot account for all the PIAS-dependent SUMOylation signals observed in IRIF or laser-lines. Consequently, there must be additional DDR factors (some of which might have been identified in previous studies 5 ) that are targeted for DNA-damage induced, PIAS-mediated SUMOylation.
In parallel work, we found that both PIAS1 or PIAS4 depletion reduced the proportion of damaged (c-H2AX-positive) cells displaying BRCA1 accumulation and decreased BRCA1 staining intensity in those cells still exhibiting BRCA1 accrual (Fig. 3a and Supplementary Fig. 7b ; cells with weak BRCA1 staining in Fig. 3a were counted positive). By employing cDNA complementation studies, we established that BRCA1 accrual required the SAP domain and E3-ligase activity of PIAS1 (Supplementary Figs 7c-e) . Furthermore, FRAP analyses revealed that PIAS1 or PIAS4 depletion reduced the residence time of GFP-BRCA1 at damaged sites and increased the mobile fraction of BRCA1 molecules ( Fig. 3b ; see representative images in Supplementary Fig. 7b ). Through using epitope-tagged SUMO2 and BRCA1 in immunoprecipitationwestern studies, we also established that BRCA1 is SUMOylated and that this is enhanced upon ionizing radiation treatment (Fig. 3c) . Accordingly, probing western blots of BRCA1 immunoprecipitates for SUMO2/3 revealed that ionizing radiation enhanced BRCA1 SUMOylation in a manner promoted by both PIAS1 and PIAS4 (Fig. 3d) .
DSBs can be processed into single-stranded DNA that is bound by replication protein A (RPA) to promote ATR signalling and DSB repair by homologous recombination 17 . Notably, RPA accumulation in laserlines (whether normalized or not to cell cycle profiles in Supplementary  Fig. 10e ) was impaired by PIAS1 or PIAS4 depletion ( Supplementary  Figs 8a-c) . Furthermore, phosphorylation of the 34 kDa subunit of RPA on Ser 4 and Ser 8 (pS4/pS8) in response to ionizing radiation or camptothecin treatment was diminished by PIAS4 depletion, whereas PIAS1 depletion impaired ionizing radiation-induced but not camptothecin-induced RPA phosphorylation ( Fig. 3e ; CtIP depletion also impaired RPA phosphorylation, as previously reported 17 ). Consistent with these findings and the involvement of BRCA1 and RPA in DNA repair by homologous recombination 17, 25, 26 , PIAS1 or PIAS4 depletion reduced homologous recombination in a cell-based gene conversion assay 27 (Fig. 3f) . PIAS1 and PIAS4 depletion also impaired DSB repair by non-homologous end-joining (NHEJ) as assessed by a cell-based plasmid-integration assay 28 ( Fig. 3g ) and resulted in ionizing radiation hypersensitivity (Fig. 3h) .
Accumulation of 53BP1, BRCA1 and ubiquitin conjugates at DSB sites requires the ubiquitin E3 ligases, RNF8 and RNF168, which ubiquitylate histones H2A and H2AX [7] [8] [9] 11, 22 . Furthermore, it has been reported that in both Caenorhabditis elegans and mammalian cells, ubiquitin-conjugate formation at DNA-damage sites requires BRCA1 E3-ubiquitin ligase activity 10, 29 , although other groups have reported the effect of BRCA1 depletion on ubiquitin accrual to be only minor 7, 9, 11 . In our assays, we found that, as for BRCA1 depletion, PIAS1 or PIAS4 depletion dramatically impaired ubiquitin-conjugate accumulation (as detected by the FK2 antibody) in laser-lines, while GFP-RNF8 accumulation appeared normal (Figs 4a, b and Supplementary Fig. 9a) . Furthermore, PIAS4 depletion but not PIAS1 depletion markedly impaired histone H2A ubiquitylation at damaged sites ( Fig. 4c and Supplementary Fig. 9b ). Consistent with PIAS4 being required for DNA-damage-induced accrual of 53BP1, BRCA1, FK2-ubiquitin conjugates and ubiquitin-H2A, the recruitment of endogenous RNF168 to damaged regions was impaired in PIAS4 depleted cells ( Fig. 4d and Supplementary Figs 9c and 9d) . By contrast, RNF168 still assembled at damage sites in PIAS1-depleted cells ( Fig. 4d ; as shown previously 7, 11 , RNF168 accrual was RNF8 dependent). Because 53BP1 still accumulated under conditions where the FK2-ubiquitin signal was severely impaired (upon BRCA1 or PIAS1 depletion; Figs 1d, 1e, 2a, 2b and 4a), these data implied that 53BP1 recruitment does not require ubiquitin conjugates recognized by the FK2 antibody but, instead, relies on other ubiquitylated proteins (most likely H2A and H2AX). Significantly, depletion of RNF8 or RNF168, although abolishing 53BP1 accrual at sites of DNA damage, did not affect accumulation of GFP-PIAS1 or RFP-PIAS4 (Figs 4e and  4f) . We therefore conclude that PIAS1 and PIAS4 function in parallel with RNF8 to orchestrate RNF8-, RNF168-and BRCA1-dependent accumulation of ubiquitin conjugates at DNA-damage sites. Only PIAS4, however, is needed for RNF8-and RNF168-mediated H2A and possibly H2AX ubiquitylation. Our findings invoke a model in which PIAS1 and PIAS4 act in parallel but overlapping SUMO-conjugation pathways to control the DDR (Fig. 4g) . In this regard, we note that mouse knockout studies have revealed that PIAS1 or PIAS4 loss is tolerated, whereas deletion of both leads to embryonic lethality and an inability to derive viable cells 30 . Significantly, whereas both PIAS1 and PIAS4 promote FK2-ubiquitin-adduct accumulation, only PIAS4 is needed for accrual of RNF168 and ubiquitylated H2A at DNA-damage sites. An attractive explanation for these and other data is that, after being recruited by RNF8-, PIAS1-and PIAS4-dependent mechanisms, BRCA1 (together with BARD1) is itself the major ubiquitin E3 ligase for generating FK2-reactive ubiquitin conjugates. Significantly, after PIAS1 or PIAS4 depletion, we still detect weak association of BRCA1 at damage sites but not the accumulation of BRCA1-dependent FK2-ubiquitin conjugates. Consequently, we speculate that PIAS1-and PIAS4-dependent SUMOylation of BRCA1-and in all likelihood various other DDR proteins-not only mediates the stable association of BRCA1 with DNA-damage sites but also promote BRCA1 ubiquitin-ligase activity. Furthermore, we found that GFP-RNF8 recruitment still occurred upon PIAS1 or PIAS4 depletion, showing that RNF8 recruitment is insufficient to effectively recruit RNF168 and mediate effective ubiquitin-conjugate production at DSB sites. Thus, we speculate that RNF8, RNF168 and/or BRCA1/BARD1 might require pre-SUMOylation of their targets and/or that SUMOylation regulates their ubiquitin-ligase activities. Future studies will be required to define the precise mechanisms by which the ubiquitin-and SUMO-conjugation systems cooperate at DSB sites, and determine how PIAS1 and PIAS4 impinge on chromatin structure, promote DSB signalling and repair, and potentially regulate yet other aspects of the DDR.
METHODS SUMMARY
U2OS-based cell lines were maintained under standard conditions. cDNA cloning was by standard procedures. siRNA transfections were with Lipofectamine RNAiMAX (Invitrogen). Ionizing radiation was administered with a Faxitron X-ray machine (Faxitron X-ray Corporation). ATM inhibition was by KU-55933 (KuDOS Pharmaceuticals). Laser micro-irradiation was with a FluoView 1000 confocal microscope (Olympus) with 37 uC heating stage (Ibidi) and 405 nm diode (6 mW). FRAP was performed when laser-track accumulation of GFPtagged protein reached maximal steady-state level. For immunofluorescence, cells were pre-extracted or not, fixed with 2% paraformaldehyde, permeabilized and stained. For whole cell extracts, cells were lysed on plates with 2% SDS, 50 mM Tris-HCl pH 7.5, 20 mM N-ethylmaleimide (Sigma-Aldrich) and protease inhibitor cocktail (Roche). To immunoprecipitate 53BP1, BRCA1 and SUMOylated proteins, different lysis and binding buffers were used (Supplementary Information). Homologous recombination and NHEJ assays were performed as described previously 17, 28 . For ionizing radiation survival, cells were transfected with siRNA and exposed to ionizing radiation. After 10-14 days, colonies were stained with 0.5% crystal violet/20% ethanol, counted and normalized to plating efficiencies. For fluorescence-activated cell sorting of propidium iodide-stained cells, data were analysed by FlowJo software. All error bars represent s.d.
Full Methods and any associated references are available in the online version of the paper at www.nature.com/nature. between GFP (homologous recombination) positive and negative cells was set to 0.5% background level of GFP-positive cells in the internal control (RFP positive, not transfected with I-SceI). This gate was then applied to the RFP/I-SceI positive samples to determine homologous recombination efficiency. Results are presented as a percentage of control siRNA. Ionizing radiation survival assays. U2OS cells were transfected with siRNA and exposed to ionizing radiation. Cells were left for 10-14 days at 37 uC to allow colony formation. Colonies were stained with 0.5% crystal violet/20% ethanol and counted. Results were normalized to plating efficiencies. Florescence-activated cell sorting (FACS). To determine cell-cycle distribution, cells were fixed with 70% ethanol, incubated for 30 min with RNase A (250 mg ml
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) and propidium iodide (10 mg ml
) at 37 uC and analysed by FACS. Data were analysed by using FlowJo software to reveal the percentage of cells in each phase of the cell cycle.
